( 1) where a is a constant. Eq. 1 is the optimal nitrogen allocation hypothesis and predicts a linear relationship between A and N under constant conditions. Furthermore, the slope of A versus N, a, may be more meaningful than the ratio ofA to N, because the slope is not dependent on some initial condition, such as the yintercept. The independent variables perturbing A and N could be leaf age (12), the proportion of carbon allocated to new leaves (29), or nitrogen application (which assumes leaves among the various applications are the same except for N differences). This assumption is approximately correct for Amaranthus powellii (17, 18). Also, Eq. 1 implicitly assumes that the optimal phenotype has a greater evolutionary fitness than plants with nonoptimal phenotypes and that heritable variance exists for that trait. A corollary to the optimal nitrogen use hypothesis is that all components of assimilation rate should have the same marginal increase with a marginal increase of nitrogen allocated to that component (10). In physiological terms, the components, such as Rubisco rate, PEPcase rate, or the regeneration rate of RuBP, should be colimiting under typical ambient conditions. These hypotheses may be important because they describe theoretically the optimum allocation of nitrogen for photosynthesis on the levels of the whole leaf (Eq. 1) and cell. In this study, the optimal leaf nitrogen allocation hypothesis and corollary were tested using data from gas exchange measurements and carboxylase rate determinations.
microbar COwJbar, stomatal ducabnce, COr and light-sturated net photosynthetic rate, the initial slope of the CO2 response of photosynthesis, ribulose-1,5'-bisphosphate carboxylase activity, and phosphoenolpyruvate carboxylase activity were linearly related to estimated or actual leaf nitrogen concentration. The data are consistent with the optimal use of leaf nitrogen. This hypothesis and the hypothesis of optimal stomatal conductance were combined to determine the relationship between conductance and leaf nitbrgen concentration The slope of conductnce verss leaf nitrogen concentration was not signifntly different than the slope predicted by the combination of the two hypotheses.
Stomatal conductance was hnearly related to leaf nitrogen in the field and the slope decreased with lower xylem pressure potentials in a manner consistent with the hypotheses. Fmally, apparent maximum stomatal aperture of isolated abaxial epidermal strips was linearly related to leaf nitrogen suggesting stomatal conductance and assimilation rate are controlled in paralel by leaf nitrogen concentration or some factor correlated with leaf nitrogen.
The relationship between photosynthesis and nitrogen has been studied many times because ofthe importance ofphotosynthesis to plant productivity and the status ofnitrogen as a limiting essential element (3, 24 
where a is a constant. Eq. 1 is the optimal nitrogen allocation hypothesis and predicts a linear relationship between A and N under constant conditions. Furthermore, the slope of A versus N, a, may be more meaningful than the ratio ofA to N, because the slope is not dependent on some initial condition, such as the yintercept. The independent variables perturbing A and N could be leaf age (12) , the proportion of carbon allocated to new leaves (29), or nitrogen application (which assumes leaves among the various applications are the same except for N differences). This assumption is approximately correct for Amaranthus powellii (17, 18) . Also, Eq. 1 implicitly assumes that the optimal phenotype has a greater evolutionary fitness than plants with nonoptimal phenotypes and that heritable variance exists for that trait. A corollary to the optimal nitrogen use hypothesis is that all components of assimilation rate should have the same marginal increase with a marginal increase of nitrogen allocated to that component (10) . In physiological terms, the components, such as Rubisco rate, PEPcase rate, or the regeneration rate of RuBP, should be colimiting under typical ambient conditions. These hypotheses may be important because they describe theoretically the optimum allocation of nitrogen for photosynthesis on the levels of the whole leaf (Eq. 1) and cell. In this study, the optimal leaf nitrogen allocation hypothesis and corollary were tested using data from gas exchange measurements and carboxylase rate determinations.
Nitrogen application may also directly affect stomatal conductance (2, 19, 23, 26, 33) . The relationship between g and N can be derived from the optimal stomatal conductance hypothesis (4):
(0 E/cg)/(AA/Og) = (dE/dA) = X (2) tested in a companion study (18) , and the optimal nitrogen allocation hypothesis (Eq. 1). The Figure 2 , which was developed from concurrent measurements of N and Chl concentration in companion experiments (17) . In a second experiment, A, N, and g were measured directly for four leaves from each treatment by varying the air flow rate through the cuvette to maintain Ca = 340 tbar/bar. 
RESULTS AND DISCUSSION
The PSmax, CE, A, and g, estimated from the CQ photosynthetic response curves, decreased with decreasing applied nitrate, whereas the estimated Ci at Ca = 340 ,bar/bar increased (Fig. 1) .
The PSmax and CE were linearly correlated with estimated N (Figs. 3 and 4) . The A and g were linearly correlated with respect to N (Figs. 5 and 6 ). The slopes of the interpolated A and g from the C response curves with respect to estimated N were not significantly different from the lines in Figures 5 and 6 . The slopes of PSmax and A with respect to N were not significantly different (Figs. 3 and 5 ).
The linear relationship of A and N (Fig. 5) is consistent with the optimal nitrogen allocation hypothesis (Eq. 1). Many other investigations have shown a linear relationship between A and other investigations have shown a linear relationship between A and N (5, 12, 13, 33). However, some investigations have shown a curvilinear relationship (6, 7) or a linear relationship for some plants and a curvilinear relationship for others (2) . One possible explanation of the curvilinear relationships (2) is that the high N leaves were not PPFD saturated. In a companion study, A. powellii leaves with high N were not PPFD saturated at 2.0 mmol m-2 s-, whereas leaves with low N were PPFD saturated at 0.8 mmol m-2 s-' (17) . In this study, PPFD greater than full sunlight (defined as 2.0 mmol m-2 s-') was used for the leaves with high N because the hypothesis being tested was for nitrogen limitation and not for PPFD limitation. Another possible explanation for curvilinear responses is that leaves of different ages were used in some studies (6) , which may indicate that the optimal nitrogen allocation hypothesis may be valid only for leaves of one physiological age (cf 12).
Using mass production data from a compansion study (17) , two definitions of NUE ratio were compared with each other and with the constant a. The ratio of shoot dry mass to N increased from 270 to 560 g dry mass/mol N, whereas the ratio of A to N decreased from 0.19 to 0.14 mmol CO2 mol N-' s1', for decreasing applied nitrate from 45 to 1 mm, respectively. The (Fig. 1) . N was estimated from Chl concentration (Fig. 2) . The slope of the least-squares regression line is 0.24 mmol CO2mmol N' s-' (R2 = 0.96). (Fig. 1) . N was estimated from Chl concentration (Fig.  2) . The slope of the least-squares regression line is 4.7 mmol CO2 m2 s-' (bar/bar)`(R2 = 0.84).
A to N ratio decreased because the linear relationship between A and N had a negative yintercept (Fig. 5) . The use of a for another definition of NUE is reasonable given Eq. 1 and may lead to different conclusions than the ratio of A to N (cf 2, 13), especially when the relationship between the numerator and denominator is unknown.
The g, and therefore g, was also found to be linearly related to N (Fig. 6) , as was found by other workers for some plants (2, 5) . The C1 increased with decreasing N showing that the reduction of A at low N was not caused by the reduction of g (Fig. 1) .
However, some investigations have shown that CQ remains constant with changes of N (27) . The linear relationships of both PSmax and CE with estimated N (Figs. 3 and 4) have been shown by other workers (5, 7) .
Rubisco and PEPcase activities were measured (Fig. 7) to test if the allocation of nitrogen to the components of assimilation was optimal. The slope of Rubisco versus N (Fig. 7) was not significantly different from the slope of A versus N (Fig. 5) . In C4 plants, Rubisco is probably CO2 saturated so that the measured Rubisco rates were similar to the in vivo rates. However, the in vivo PEPcase rates were estimated (16) , assuming Michaelis-Menten kinetics (25), a specific value of cytoplasmic pH (7.25) , and the CO2 leakage rate from the bundle sheath cells (9) . The slope was about 0.8 mmol CO2 mol N-' s-', which was the same order of magnitude as a (Fig. 5) . The mole fractions of nitrogen allocated to Rubisco and PEPcase were calculated from the specific activities (25, 30) and an assumption that these enzymes are 16% nitrogen by mass (10) . Rubisco contained 0.03 mol N/mol N of the total leaf nitrogen concentration and PEPcase contained 0.1 1 mol N/mol N (cf 31). The data (Fig. 7) are consistent with the optimal nitrogen allocation within a cell, because both carboxylases have approximately the same marginal increase in in vivo rates with marginal increase in allocated nitrogen.
Eq. 4 was tested by comparing the slope of g versus N ( Fig. 6 ) with the predicted value (a X X)/VPD. The a was 0.18 mmol C02 mol N-' s-' (Fig. 5) and X was 220 mol H20/mol C02 (18) . The SE of a and X were 0.02 and 15, respectively. The predicted value of (a X X)/VPD was 1.16 which is within the 95% confidence interval (0.64, 1.16) ofthe slope ofg versus N (Fig. 6) . The predicted value of 1.16 also has a large confidence interval. Therefore, the measured value of 0.90 was not significantly different from the predicted value.
The g measured in the field was also linearly related to N for three ranges of it (Fig. 8) Leoaf Nitrogen (mmol m-2) cantly different from each other and both were significantly different from the slope of -0.6 MPa. The data were replicated on a 2nd d and show the same relationships, but different slopes. Because A was not measured, Eq. 4 could not be tested directly for these data. Under the assumption that a = 0.18 as it was in the laboratory, then the expected values of X were 470, 320, and 240 mol H20/mol CO2 for the -0.3 to -0.6 MPa y6 ranges, respectively, for the 1st d, and 390, 340, and 190, respectively, for the 2nd d. The X of 220 mol H2/mol CO2 found in the laboratory was for mean of -0.56 MPa (17, 18) . The close values of X determined in the laboratory and the field for the same y6, support Eq. 4.
Farquhar (8) predicted that g and A should be linearly correlated for differences of N if stomatal conductance is optimal (Eq. 2). Because A and N are correlated (Fig. 5) , g and N must be correlated for optimal conductance. Optimal stomatal conductance for changes in N does not require that the guard cells respond directly to N, which is assumed in the derivation of Eq. 4. This assumption was tested by measuring the stomatal aperture width in isolated epidermal strips. The use of epidermal strips provides the definitive data on which environmental variables affect the guard cells (34) . The linear correlation found between aperture width and N of the remaining leaf material was consistent with g and A being independently affected by N (Fig. 9) . Therefore, one ofthe assumptions ofEq. 4 was supported because g is a function of N. Two concentrations of KCI were used in the buffer solutions because the 'optimum' level of K+ for apparent maximum stomatal opening was not known (34) . No differential effect of KCI concentration was found on stomatal aperture (Fig. 9) .
Actually, the independent effects of N on g and A may be caused by a factor produced in parallel to N. Cytokinin levels are affected by nitrogen application and are connected with growth, the carbon and nitrogen metabolism of leaves, and stomatal conductance (21, 22) . Hunt (16) speculated that cytokinin may be the optimizing factor for both g and A with respect to N, which is similar to another proposal (21) . The interaction of cytokinin with ABA (21) may represent the interaction of N and At on g, because ABA is connected to water stress (1 1, 34) . However, the mechanism by which cytokinin may optimize gas exchange with respect to N is unknown.
CONCLUSIONS
The effects of nitrate application were used to determine how the C4 plant, A. powellii, was adapted to nitrogen deficiency. Decreased nitrate application reduced the relative growth rate, total leaf area, and net photosynthetic rate (17) . However, the increase of the leaf area ratio (leaf area/plant dry mass) led to higher relative growth rates than expected from the reduction of net photosynthetic rate (17) . In this study, the pattern of nitrogen allocation to the most recently mature leaf is consistent with the optimization of net photosynthetic rate for the amount of nitrogen. Also, stomatal conductance was optimized for the above leaf ( 18). Optimal nitrogen allocation and stomatal conductance were not responses to nitrogen deficiency, nor can they be 0 considered limitations to production during nitrogen deficiency, because the same values of a and X were obtained for both nitrogen-sufficient and -deficient plants. 18 
